We investigated the deep-sea fossil record of benthic ostracodes during periods of rapid climate and oceanographic change over the past 20,000 years in a core from intermediate depth in the northwestern Atlantic. Results show that deep-sea benthic community ''collapses'' occur with faunal turnover of up to 50% during major climatically driven oceanographic changes. Species diversity as measured by the Shannon-Wiener index falls from 3 to as low as 1.6 during these events. Major disruptions in the benthic communities commenced with Heinrich Event 1, the Inter-Allerød Cold Period (IACP: 13.1 ka), the Younger Dryas (YD: 12.9 -11.5 ka), and several Holocene Bond events when changes in deep-water circulation occurred. The largest collapse is associated with the YD/IACP and is characterized by an abrupt two-step decrease in both the upper North Atlantic Deep Water assemblage and species diversity at 13.1 ka and at 12.2 ka. The ostracode fauna at this site did not fully recover until Ϸ8 ka, with the establishment of Labrador Sea Water ventilation. Ecologically opportunistic slope species prospered during this community collapse. Other abrupt community collapses during the past 20 ka generally correspond to millennial climate events. These results indicate that deep-sea ecosystems are not immune to the effects of rapid climate changes occurring over centuries or less.
T
here is growing evidence that deep-sea benthic ecosystems are variable in structure and diversity over various spatial and temporal scales (e.g., local, regional, global, seasonal, millennial, orbital) (1-3), modifying the long-held view of stability embodied in the stability-time hypothesis (4, 5) . Climatic and oceanographic changes must be considered important factors influencing deep-sea ecosystems. Whereas the sensitivity of terrestrial, oceanic surface, and shallow marine ecosystems to historical climate change has been established (6) (7) (8) , little is known about the impact of rapidly changing climate on deep-sea ecosystems (9) . The availability of sediment cores from regions of the ocean characterized by high sedimentation and well preserved fossil Ostracoda offers an opportunity to examine the sensitivity of deep-sea organisms to well known abrupt climate events of the past 20,000 years including the current Holocene interglacial period.
Ostracodes are small bivalved Crustacea that form an important component of deep-sea meiobenthic communities along with nematodes and copepods (10) . Crustaceans, including Ostracoda, Decapoda, Isopoda, Cumacea, Copepoda, and Amphipoda, are dense and diverse in the deep sea and one of the most representative groups of whole deep-sea benthic community (10, 11) . Ostracode species have a variety of habitat and ecology preferences (e.g., infaunal, epifaunal, scavenging, and detrital feeders) (12) (13) (14) , representing a wide range of deep-sea soft sediment niches. Furthermore, Ostracoda is the only commonly fossilized metazoan group in deep-sea sediments. Thus, fossil ostracodes are considered to be generally representative of the broader benthic community. The distribution and abundance of deep-sea ostracode taxa in the North Atlantic Ocean are influenced by several factors, among them, temperature, oxygen, sediment flux, and food supply (14, 15) . Several paleoecological studies suggest that these factors influence deep-sea ecosystems over orbital and millennial timescales (1, 16) .
Ocean Drilling Program (ODP) Hole 1055B was cored at the Carolina Slope in the western subtropical North Atlantic (32°47.041ЈN, 76°17.179ЈW; 1,798 m water depth) during ODP Leg 172 (17) . Sediment accumulation rates in this sediment drift average 23 cm per thousand years (kyr). This site is sensitive to changes in deep-water circulation because it is within the basal core of Upper North Atlantic Deep Water (UNADW) composed of Labrador Sea Water (LSW) (17) . Surface-water temperature and productivity are also variable in this region, which is located in the path of the Gulf Stream (18) .
Here we report a detailed 20-kyr record of deep-sea benthic ostracodes from ODP site 1055 and compare ostracode community and diversity variability to abrupt paleoclimate and oceanographic events over this interval. Results show that deep-sea benthic communities frequently experience ''community collapses'' coincident with large, abrupt changes in deep-ocean circulation and climate.
Results and Discussion
The ODP 1055 high-resolution ostracode relative abundance record demonstrates that the deglacial-Holocene deep-sea community was highly unstable, characterized by many large (up to 50%) centennial-millennial scale turnovers in faunal composition (Fig. 1) . Assemblage structure and diversity are clearly disturbed during centennial-millennial scale cooling events recognized in the last deglacial and Holocene intervals in the Greenland ice core (GISP2) (19) (20) (21) and North Atlantic deepsea sediment core (22, 23) records ( Fig. 2; see below) . These include Holocene cooling events (HCE) 0-8 defined by Bond et al. (22, 23) , the Younger Dryas (YD), the Inter-Allerød Cold Period (IACP), and Heinrich Event 1 (H1). A number of paleoceanographic studies have demonstrated dramatic and abrupt deep-water circulation changes during these cooling events (22, (24) (25) (26) (27) (Fig. 2) .
The ostracode relative abundance and species diversity calculations and CABFAC factor analysis are based on three-point moving sums of the census dataset. Calculations based on raw census datasets are more variable and, in the case of species diversity H(S), slightly underestimated because of relatively small sample size (Ϸ70 specimens per sample on average), but quite similar to results based on three-point moving sum census datasets (Figs. 1-3) .
As a result of Q mode CABFAC factor analysis, two varimax factors were calculated, which represent 89.6% of the total variance. The first factor accounts for 57.3% of the total variance and is characterized by high varimax scores for Krithe (0.903) and Cytheropteron (0.295). Krithe is a typical deep-water genus and an especially important component of NADW fauna (28) . Cytheropteron is predominant in NADW in the North Atlantic (12) . The second factor, representing 32.3% of the total variance, is characterized by the high varimax score of Argilloecia (0.966). This genus was the most common taxon living in the oxygen minimum zone of the upper continental slope off southeastern North America (29) . Argilloecia is also an important component of late Pleistocene (16) and Pliocene (30) faunas from the Mid-Atlantic Ridge that represent climatic transitions, especially deglacial periods and interstadial-stadial transitions. Its predominance in modern low-oxygen, often organic rich bottom sediments and during climatic transitions suggests an opportunistic ecology. Other genera (Henryhowella and Cytherella) having relatively high varimax scores (0.123 and 0.127, respectively) also inhabit slope water (29, 31) . Thus, we interpret factor 1 as an UNADW assemblage typical of the Carolina Slope region where modern UNADW and Glacial North Atlantic Intermediate Water (GNAIW) originating in the Labrador Sea region predominate. Factor 2 is a slope assemblage comprising opportunistic species typical of continental margin habitats.
The distribution of modern deep-sea ostracode assemblages is not solely controlled by deep-water properties, but other factors such as surface primary production, the main food source for many deep-sea organisms (32) (33) (34) (35) , can also affect the benthic assemblage composition. Nonetheless, recent ecological re- search suggests that metazoan meiobenthos may be less sensitive to changes in surface productivity than protozoan Foraminifera (36) . Furthermore, the ostracode genera Eucythere and Polycope, which are sensitive to changes in surface productivity (14, 37) , show a trend different from factor 1, as discussed later, and have only low varimax scores (0.121 and 0.069) for factor 1. Planktonic foraminifera ␦ 18 O (Fig. 1) and Mg/Ca ratios (P.B.d.M., unpublished data), which are proxies for surface salinity and temperature, of ODP site 1055 also show a trend different from factor 1. Above-mentioned evidence suggests that our interpretation for factor 1 is reasonable as the first approximation.
Factor 1 (UNADW assemblage) starts to decrease abruptly during all major cooling events: HCE2, HCE4, HCE5, YD, IACP, and H1. Ostracode species diversity H(S) shows similar oscillations, except there are clear decreases only in the YD and HSE5. Conversely, factor 2 (slope assemblage) rapidly increased at these times. The onsets of ostracode faunal events are dated at 2.8, 5.2, 8.0, 13.1, and 17.1 ka, respectively (arrows in Fig. 2) ; the first two fall within HCE2 and HCE4, respectively. The former ostracode event (HCE2) has several steps that possibly reflect minor cooling events such as HCE1, and the latter ostracode event (HCE4) is not well defined in the UNADW assemblage. The ostracode event beginning near 8.0 ka (HCE5) is characterized by a two-step decrease in the UNADW assemblage and an increase in slope assemblages. The ostracode event beginning 13.1 ka (IACP and continuing through the YD) also has a two-step pattern with marked faunal changes at 13.1 and 12.2 ka. During this event species diversity H(S) dropped from near 3 to Ϸ1.6. Each step of faunal changes occurs over 10-30 cm of core, or within a few centuries to Ϸ1,000 years. The deep-water community may have even been affected during the most recent Holocene cooling event, the Little Ice Age (38), equivalent to HCE0, but additional records are needed to confirm this (Fig. 2) .
Abrupt centennial and millennial climate events are complex and their causes are not fully understood (39) (40) (41) (42) . Even less is known about the biotic response to abrupt climate events. Furthermore, LSW, the source water for the core site, is highly unstable even over decadal timescales (43) , and longer-term variability of deep-water masses at intermediate (Ͻ2,000 m) depths after the Last Glacial Maximum (LGM: Ϸ26-21 ka) are also complex (44) (45) (46) (47) (48) . Bioturbation may also complicate the meiofaunal record from sediment cores.
Nonetheless, we propose several viable mechanisms to explain the reconstructed patterns. One apparently enigmatic feature of this record is the similarity between late Holocene and glacial when the UNADW assemblage is dominant during both periods at ODP site 1055 (Fig. 2) . However, this should not be surprising because during the last glacial, GNAIW, the glacial analog of modern UNADW, dominated the core site region. Holocene and glacial ␦ 13 C values of benthic foraminifera are similar, or even slightly higher for the glacial at intermediate depths (Ͻ2,000 m) of the northeastern and northwestern Atlantic including almost exactly same site as ODP site 1055, suggesting this site is in the path of vigorous low-nutrient GNAIW during the last glacial period (18, 49) .
The relationship between ostracode faunal assemblages and deep-water changes before Ϸ15 ka includes relatively small changes in factor loadings and diversity (Fig. 2) . For example, the relatively minor ostracode faunal response at H1 event at Ϸ16.8 ka (22, 50) may indicate that the magnitude of GNAIW variability was small at intermediate depths (Ͻ2,000 m). Benthic ␦ 13 C data for ODP site 982, northeastern Atlantic, support the view that the magnitude of GNAIW change was smaller during glacials, including Heinrich events, than in deglacial terminations (49) .
Alternatively, the interval 17-14.5 ka, which has been called the ''mystery interval,'' was a time characterized by warm summers and cold winters in the region around the North Atlantic (51). An unusually strong seasonality could affect surface productivity and the resulting food supply to deep-sea benthos. This may mean that the deep-sea community response may not be directly comparable before and after Ϸ15 ka. The large proportion of transported shallow-water species during this interval (Fig. 1) , a reflection of lower global sea level and proximity of the core site to the paleoshoreline, may also influence the faunal patterns, even though these shallow-water contaminated taxa were excluded from our analyses.
The most significant feature of this ostracode record is the collapse of UNADW assemblages that began with YD/IACP, accompanied by a sharp and large-amplitude species diversity decline (Fig. 2) . GNAIW was likely greatly diminished at this time. Deglacial reduction of GNAIW has been well established (45, 49, 52, 53) , although its precise timing is less certain because of the absence of high-resolution records. Following this ostracode faunal collapse, the community did not fully recover until Ϸ8 ka, which postdates the end of the YD climate reversal. This late recovery is most likely because LSW, constituting UNADW near this site, had not been established until early Holocene, Ϸ8 ka (54) . During this period, Southern Source Water may have been predominant at intermediate depth on the Carolina Slope as suggested from low-resolution records (45, 49) . It should be noted that the actual ocean ventilation during the last deglaciation at intermediate depths is not well known. Available planktonic and benthic foraminiferal 14 C data from the Ͻ2,000 m Carolina Slope did not show significant ventilation differences between the beginning of the YD (Ϸ12.9 ka) and today, suggesting little or no GNAIW reduction at this time (18) . This interval corresponds to the very beginning of the ostracode faunal collapse. This is not necessarily inconsistent with our interpretation of environmental change at this time, but additional, well dated proxy records are needed to resolve the exact timing of GNAIW reduction.
The resulting deep-water environment may have adversely impacted not only the UNADW assemblage, but also the deepsea community in general , as indicated by low species diversity, which suggests stressed environments. Temperature and/or deep-water current velocity-induced substrate changes may have been important factors controlling deep-sea species diversity (55) (56) (57) . As a result, the opportunistic slope assemblage may have been able to migrate to this deeper location and temporarily prosper. Such water-mass property change may have caused active downslope and upslope migration of species similar to patterns observed during climate cycles occurring over orbital timescales of 41 kyr and 100 kyr (16, 30) and during the last deglaciation (58) .
A similar mechanism may hold for other UNADW assemblage collapses during the Holocene. Although UNADW assemblage started to decrease abruptly during Holocene cooling events, the collapses did not recover within cooling events themselves, possibly because of delayed renewal of LSW. Millennial scale weakening of LSW is also suggested by Hillaire-Marcel et al. (54) , although the low time resolution of their record does not allow direct comparison.
To confirm the above-mentioned scenario, high-resolution deep-water proxy records (e.g., benthic ␦ 13 C, 231 Pa/ 230 Th, grain size, etc.) from the Ͻ2,000 m depth, that is, the basal core of interglacial LSW and glacial GNAIW, are needed. Currently, all high-resolution records covering the last deglaciation are available from Ͼ2,000 m depth, located in the path of lower NADW during interglacials and deglacials and Antarctic Bottom Water (AABW) during glacials. Furthermore, recent studies suggest the possible existence of two sources of GNAIW: one in the south Labrador Sea and another west of Rockall Plateau (59), suggesting possible different behavior of GNAIW between the northeastern and northwestern Atlantic.
In addition to deep-water mass changes, climate change can also affect deep-sea communities in the form of changes in surface primary production of food source for benthic species (32) (33) (34) (35) . The ostracodes Eucythere and Polycope are indicators of seasonal and increased surface productivity, respectively (14, 37) (see Fig. 3 ). These taxa, especially Eucythere, show trends similar to those in detrital carbonate in northwestern Atlantic core KNR158-4-21MC/22GGC off Newfoundland (23) since Ϸ9 ka, reflecting surface-water changes in the northwestern Atlantic region (Fig. 3) . Notably, double spikes during HCE 2 and 5 and the gradual increase and rapid decrease of the relative abundance in the HCE4 characterize both the detrital carbonate and Eucythere records. Polycope peaks during 15-10 ka correlate closely with peaks in benthic foraminiferal abundance (Cibicidoides spp. and Uvigerica peregrina) known from the same region, which is interpreted to represent stronger winter mixing and a more productive surface ocean (18, 60) . The differences in these two productivity indicators may reflect different modes of surface productivity during deglacial and Holocene interglacial periods or ecological differences between the two ostracode taxa. Regardless of the precise mechanism, these ostracodes seem to respond to surface productivity changes.
We conclude that at this site the deep-sea ecosystem is highly sensitive to millennial-scale disturbances in habitat driven by climate changes during the deglacial and Holocene intervals. Deglacial and Holocene cooling events have triggered rapid collapses of deep-water benthic communities. Certain groups sensitive to surface productivity respond immediately to climatedriven oceanographic changes. Our results have bearing on possible long-term effects of human-induced oceanographic changes now in evidence in many instrumental records and biological indicators.
Materials and Methods
Core 1H from Hole 1055B was continuously sampled at 2-cm intervals, yielding an average sampling resolution of 50 -100 years. The Ͼ150-m-size fraction was examined for ostracode faunal composition and diversity. More than 122 species were identified in total. We used the Shannon-Wiener index
where pi is the proportion of the ith species, ln is the natural log, and S is the total number of species] for species diversity because it is more widely used than other diversity measures and relatively insensitive to sample size (61) . Other representative diversity measures show similar trends [supporting information (SI) Fig. 4 ]. Q-mode CABFAC factor analysis (62) was performed to determine dominant faunal assemblages and their temporal downcore patterns by using 31 ostracode genera occurring as more than three specimens in any sample ( Fig. 2 and SI Table 1 ).
Age control was established with nine accelerator mass spectrometer (AMS) radiocarbon dates and additional four age-control points for the glacial sediments are based on correlation of the oxygen isotope (␦ 18 O) record to a nearby deeper core, 39GGC (60) (Fig. 1 and SI Tables 2 and 3 ). The radiocarbon dating and ␦ 18 O measurements were performed on planktonic foraminifera Globigerinoides ruber (255-300 m). Radiocarbon ages were converted to calibrated calendar ages by using CALIB 5.0 (63, 64) based on the Marine04 dataset (65) and a local ⌬R of Ϫ65 Ϯ 32 years (66). The core 39GGC was used for the ␦ 18 O correlation because it has the highest resolution and sedimentation rate and excellent chronology, especially for the glacial sediments in this region. Furthermore, our ostracode data and Keigwin's study of core 51GGC from almost the same site as ODP 1055 (18) indicate downslope reworking for the glacial sediments of this site, and the deeper site 39GGC was much less influenced by downslope reworking for the sand-size (i.e., foraminifera size) fraction (60) . The correlation is based on obvious ␦ 18 O features that are common to many detailed ␦ 18 O series from this region. The ages for the tie points fit with a third-order polynomial.
Shallow-water taxa transported by downslope processes are relatively minor (Ͻ20% of the total assemblage) for the last 13 kyr and determined mainly based on faunal studies on the shelf (Fig. 1) (67-71) . These taxa are excluded from the analyses, that is, from the relative abundance and diversity index calculations and CABFAC factor analysis. Calculated species diversity values may be slightly underestimated because Argilloecia and Polycope species are lumped (the taxonomy of these genera is not established enough and there are only a few species of these genera per sample).
Carbonate dissolution is not likely to be an influence on ostracode assemblages, because the ostracode valves and carapaces are well preserved and site ODP 1055 is shallower than calcite lysocline and isolated from the influence of potentially corrosive Antarctic Bottom Water (AABW).
Data are available at the National Oceanic and Atmospheric Administration World Data Center for Paleoclimatology, www.ngdc.noaa.gov/paleo/ paleo.html.
